Generation of free-carrier plasma and filamentation of the ultra-short laser pulse were investigated and modeled. Experimental results of filamentation are supported by numerical model which takes into account accumulation of refractive index modifications due to multi-pulse exposure. A contact acoustic monitoring technique was employed to perform spatially-resolved in situ detection of micro-plasma formation and filamentation of focused femtosecond laser pulses with critical and sub-critical powers in glass. The recorded acoustic signals reveal freecarrier generation mechanisms associated with the formation of plasma and filamentation of the propagating laser pulses. Optical opacity of the plasma region, which sets in at the irradiance of a few kJ/cm 3 (close to the dielectric breakdown threshold) using pulse focusing optics with numerical aperture NA = 0.75, reveals its critical character, and allows the estimation of acoustic pressure in the ∼GPa range. The pressure depended on the irradiance as P ∼ I 0.59 . In the case of loose focusing (NA = 0.035) filamentation of fs-pulses occurred at sub-critical plasma density with P ∼ I. Detection and interpretation of these acoustic signatures thus enable real-time in situ monitoring of optical ionization, pulse filamentation in bulk dielectrics under the irradiation by femtosecond laser pulses.
INTRODUCTION
For many applications it is critical to know the actual carrier density of the solid state or breakdown plasma and its temporal evolution during the laser pulse and after it for a precise control of energy delivery to the focal region in the case of laser processing and laser beam propagation. In laser microfabrication with tightly focused laser beams, the photo-ionization, generation of white light continuum, and dielectric breakdown with hot plasma formation critically changes processing conditions encountered in photo-polymerization, ablation, wet etching and of microfluidic channels in dielectrics, recording of empty-core channels in polymers, etc.
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The ionization of medium (solid state, liquid, or gas) modifies light propagation via the corresponding dynamic changes of complex dielectric function and affects nonlinear light-matter interaction (see, the recent review on filamentation 21 ). The detailed knowledge of the time-space evolution of ionization at the focal volume and along the optical path of beam delivery is required for the future laser micro-structuring and fabrication. Different experimental methods based on optical and acoustic probing of the focal regions are complimentary, since the acoustic probing cannot be screened as the plasma regions are for an optical probing. This might help to develop a nonlinear models which can describe better light-matter interaction and propagation which is currently is actively debated in scientific literature for picosecond and femtosecond pulses.
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Further author information: (Send correspondence to S. J.) S. J.: E-mail: Saulius@es.hokudai.ac.jp; Tel.: (+81 11) 706 9337, Fax: (+81 11) 706 9359. E. G.: E-mail: Eugenijus.Gaizauskas@ff.vu.lt Laser microfabrication technologies are widely used to modify optical properties of glasses, crystals, and polymers. One of the most flexible implementations of it is the direct writing method, in which the femtosecond pulses are focused by a high numerical aperture (NA) objective lens and are scanned in the bulk of transparent material. Three dimensional (3D) photonic elements can be fabricated by this method with sub-micrometer precision in the bulk of materials where refractive index, absorption, and structural modifications can be induced. These processes occurring as a result of femtosecond irradiation have not been well understood so far and further investigations are required from the fundamental and application points of view. To date several mechanisms were proposed to explain modifcations of the transparent glasses by the strong femtosecond pulses: material densification, 28, 29 color center formation, 30, 31 rapid phase transitions, 28, 32 thermoelastic effects, 33 direct atomic bond breaking 34 and void formations 35 were mentioned. Although all these phenomena are not necessarily connected, the induced modifications can form due to an interplay between several of them.
An essential point of femtosecond processing is that that the absorbed energy (heat) does not transfer from heated pool of the material during the light pulse. Additionally, even lattice heating from hot electrons appears considerable faster as compared to heat transfer in glasses. Consequently, material processing by femtosecond pulses not only strongly reduces the undesirable influence of the heating to the material, but also considerably simplifies the modeling of the processes leading to residual changes in bulk, provided distribution of light intensity in the heated pool of glass is known. Two extreme examples, light filament formation by loose focusing and point-like excitation by focusing light beams with high numerical aperture, can be considered as such examples.
We discuss light-matter interaction processes relevant to femtosecond laser microfabication by direct laser writing in transparent materials: the case study of glasses. A residual stress, which is a macroscopic stress within material established as a consequence of non-uniform plastic deformation, is characteristic for most laser writing processes. Therefore, acoustic methods of detection in light-matter interaction occurring inside crystals and glasses at different focusing conditions can provide insights helpful for the modeling of filamentation. Here, we report on filamentation studies of femtosecond pulses inside the dielectrics at different focusing and on acoustical monitoring of the filamentation. Figure 1 shows a typical far-field image of wight light continuum (WLC) generated by several filaments evolved from a single core at increasing number of pulses and at larger pulse energy. The observation plane is perpendicular to the light/filament propagation.
EXPERIMENTAL DETAILS

Optical monitoring
The schematic diagram of experimental setup used for optical monitoring and characterization of filaments is presented in Fig. 2 . The laser system used in our experiments was Ti:sapphire oscillator-amplifier laser system (Tsunami and Spitfire from Spectra-Physics) based on chirped pulse amplification technique. It is capable of producing pulses of 1 mJ energy and 130 fs duration at 1 kHz repetition rate at 800 nm central wavelength.
We used slightly different geometries to focus laser pulse inside the samples for filament formation and optical monitoring. At low energies it was focused near the front surface. For higher energies it was focused deeper inside the sample to avoid surface damage. Beam transverse intensity profiles during the nonlinear propagation were measured using relay-lens imaging technique. For the real-time study of filament evolution and residual optical changes we used optical microscope with variable magnification objectives adjusted for the observation of affected zone. Pulse energies up to several hundreds of μJ were used. The formation of light filament was observed by the recording of the transverse beam profile (Fig. 2 ).
Acoustical monitoring
In these studies we used a femtosecond laser nanomachining setup described elsewhere 36 at different focusing. In the case of tight focusing, linearly polarized, pre-chirped 800-nm femtosecond laser pulses of 150 fs duration and variable energy of microjoule energies were focused into a sub-micron spot (the estimated waist radius
75μm at a ≈ 150μm depth inside synthetic silica glass VIOSIL-SQ plate [refractive index n 0 (800 nm) ≈ 1.5, Shin-Etsu Chemical Co.] using a numerical aperture NA = 0.75 microscope objective ( Fig. 3(a) ). The pre-cleaned 200-μm thick glass Figure 1 . Typical far-field snap-shot image (projected on a paper screen) of filamentation of 800 nm/150 fs pulses in fused silica glass taken at slightly different pulse energies (increasing from left to right). Laser pulses were focused by a lens of focal length f = 100 mm. The coherent interference of several filaments, number of which increases with pulse energy, was responsible for the observed interference field. These far-field images were obtained without a relay-lens (see, Fig. 2 ). The lines are eyeguide marks of interference fringes. sample was taped to a 1-mm thick borosilicate microscope slide (Matsunami, Inc.) and placed onto a manually controlled, three-axis microstage of an optical microscope (Olympus X-70). The sample was irradiated through the slide by single laser pulses selected using a manual laser control option, and was moved between the laser pulses parallel to the focal plane within a small area 0.5×0.5 mm 2 .
Setup for monitoring formation of long filaments ( Fig. 3(b) ) was similar to that used in optical detection (Fig. 2) . The 800-nm pulses were focused by a glass lens (focal distance F = 100 mm, effective numerical aperture NA = 0.035 for the laser beam diameter of 7 mm) into a sub-mm spot (the estimated Gaussian 1/e 2 waist radius w 0 = [n 0 (λ=800 nm)
at ≈20 mm depth inside the 38-mm thick silica sample (the refractive index n 0 (800 nm) ≈ 1.5). The laser beam entered the sample through the polished (right) side face along the z−axis direction. The sample was mounted on a translation stage, which was translated along the x−axis normal to the Figure plane, such that each incident pulse exposed fresh (previously not irradiated) regions of the sample. Optical monitoring was conducted along the x−axis through the front face of the sample by recording the images of the electron-hole recombination emission channels using an optical microscope and a digital photo camera (see, Fig. 2 ). From the images, length, width, and intensity distribution within the plasma channels were determined.
Ultrasonic response was recorded by MiniWAT-2 transducer (UC VINFIN) with sensitive area of (8×8) mm 2 , sensitivity of about 10 V/atm, and effective bandwidth of Δf ≈ 30 MHz, mounted on the flat top face of the glass sample, on which 0.3 mm thick layer of vacuum grease was deposited in order to ensure acoustic contact and mechanical lubrication. The beam waist formed a few millimeters below the center of the transducer. Relative positions of the laser beam and transducer were maintained the same during the experiments, independent of the lateral translation of the sample. Voltage transients from the transducer were recorded using Tektronix TDS-5104 digital storage oscilloscope, triggered by an auxiliary laser pulse via a fast photodiode (175-ps rise time, Alphalas, Gmbh.).
GLASS MODIFICATION INDUCED BY LOOSELY FOCUSED FEMTOSECOND PULSES
Propagation of an intense femtosecond pulse through a transparent media usually is accompanied by self-focusing effect. 37, 38 It is associated with the beam collapse in Kerr media when the power exceeds a critical value (P cr ). In reality a total collapse, however, is never achieved due to the number of simultaneous compensating and competing effects. One of them is a multiphoton absorption (MPA)-caused nonlinear losses (NLL). When the diameter of the beam decreases, the intensity grows to the value at which multiphoton processes become important. In such a case free electrons appeared due to the MPA lead to the beam defocusing which competes with the self-focusing and a formation of the a highly intense filament propagating considerable distance without observable spreading becomes possible. In this scenario stable filament propagation is balanced by the selffocusing and plasma defocusing effect. 39, 40 However, nonlinear absorption is not just a mechanism for free electron generation. The amount of NLL experienced by the pulse itself can alone be sufficient to support filamentation. As it was shown recently, 41 the model with the effects of only self-focusing, diffraction, and nonlinear losses is capable, in specific cases, to capture all essential dynamics of the filamentation process. The formation of filaments can be interpreted as a result of an on-axis energy sink, to which the light energy from the surrounding reservoir flows. This model can explain self-focusing of not only Gaussian but Gauss-Bessel beams as well. 42, 43 This simplified quasi-stationary model is used in our numerical simulations of the field distribution.
We investigated filamentary propagation of the beam at different conditions: when pulse propagates as a single filament and when multiple filaments are formed at higher pulse energies. We have demonstrated both experimentally and numerically that Gaussian beam does not collapses due to self-focusing in fused silica silica or silicate glass and developed into the central spike surrounded by peripheral slopes at increasing excitation energy. The results of numerical modeling demonstrate that intrinsic elipticity of the incident beam causes multiple filamentation whose features are consistent with experimental observations provided residual refractive index changes from repetitive shots are take into account.
In order to numerically reproduce this behavior, we performed simulations by using the described on-axisabsorption model in which paraxial propagation along the z-axis of a linearly polarized laser beam used for repetitive shots. Accordingly to this model, the nonlinear Shroedinger equation reads as following:
Proc. of SPIE Vol. 7214 72140S-4 where β (K) is MPA absorption coefficient, and n 2 stands for the nonlinear index of refraction. The nonlinear differential equation Eq. 1 was solved numerically by using standard split-step procedure to separate nonlinear equation into the dispersive and nonlinear parts. After that a fast Fourier transform (FFT) to the wave-numbers -frequency space was implemented for the dispersive step and (after an inverse transform back to space-time representation) the fourth order Runge-Kutta procedure was used to evaluate the nonlinear step (for more details see ref.
41 ). 
Measurements and numerics of the single filament formation
with an initial amplitude E 0 = 2P 0 /πw 2 0 and beam waist w 0 = 75 μm. The following values of parameters were used for fused silica: n 2 = 2.66 × 10
, which takes into account five photon (K = 5) absorption processes in fused silica with energy gap as large as 7.5 eV.
When the pulse power is overcritical (P > P cr ), the pulse starts to collapse by self-focusing and reaches maximum, a spike, after some distance. This central spike propagates further for some distance without diffractive spreading. This constitutes a single filament formation. However, part of the energy is not trapped into the filament and propagates in the form of rings surrounding its central core. The diameter of the central core (FWHM) is from 10 to 20 μm and is discernable in Fig. 4. 
Multiple filamentation in glass
Beams that carry powers many times exceeding P cr are likely to break transversally into multiple filaments. This phenomenon was interpreted as due to the growth of perturbations or noise present in the input beam, which are modulationally unstable. 44 In this case, the multi-filamentation (MF) pattern consisting of number of filaments which dynamically change location in the transverse diffraction plane and undergoes shot-to-shot fluctuations due to the input noise was formed. To capture the MF pattern formation and its filamentary propagation in fused silica the numerical calculations were performed by using the on-axis-absorption model described above (1) . By performing simulations with small fraction of noise, irregular multiple filamentation patterns were retrieved.
Results of the transversal intensity distributions for input beam power of 10 times over the critical at different distances along propagation are shown in Fig.5(a,b) . Corresponding results of experimental measurements are displayed in Fig. 5(c) . In addition, we have analyzed the power spectrum of the single filament separated from the bunch of multiple filaments (see, Fig.6 ). It was found that the well known D 2 Raman lines from three-membered rings in SiO 2 becomes more prominent as the input power increases (not shown here). This can be attributed to local densification of silica glass. 18, 45 The localised heating of the on-axis region results in a non-uniform Energy cm thermal stress pattern, 46 when the temperature of the hot on-axis volume of glass overcome the critical value of the yield stress. In such case, expansion of the heated volume is constrained by the cool material at its perimeter. This constrained expansion causes compressive thermal stress around the heat source. Densification of the heated volume which can not support stress results, in turn, in residual stresses: the macroscopic stress which is set up within bulk of the glass in consequence of non-uniform plastic deformation, e.g., observed in a plasma filament damage of borosilicate glass. 45 It should be emphasized, that more precise characterization of the material densification, its amount and dynamics, can be obtained by acoustic measurements. Because any irregularities of the beam distribution during filamentation should be avoided, elliptic beams are preferable for the excitation in this case.
It is known, that elliptic beams also induce multi-filamentary patterns, where the ellipticity is prevailing over the noise. 47, 48 For numerical simulations, the intensity distribution of the incident radiation was taken in the form of the elliptical beam: where initial parameters q x and q y characterizing beam elipticity where taken as large as 1 and 1.1, respectively.
To capture the main features of propagation dynamics of the beam under filamentation the numerical simulations were performed by using the same model Eq. (1) where no axial symmetry was imposed. The results are displayed in Fig. 7 . The filamentation patterns along "z" axis are shown for two perpendicular planes. The cross-sections exhibit a beam with a strong central filament from which a pair of weaker filaments are nucleated along the major axis of the elliptic input beam. The comparison of intensity distributions on lateral cross sections indicate a 90 degrees rotation of the pair of lateral filaments appearing at a larger distance along propagation.
Since a certain amount of astigmatism is always present in experimental setups, this numerical model explain MF observed in experiments. Experiments were performed using femtosecond Ti:Sapphire laser (Hurricane, Spectra Physics), which delivered transform-limited 130 fs duration pulses centered at 800 nm wavelength at a repetition rate of 1 kHz. The pulses were subsequently attenuated and focused by an f = 120 mm lens. A transparent silicate glass sample 6 − cm-long was mounted in the path of the laser beam, behind the geometrical focus of the lens. Such alignment ensured that laser pulses entered the glass slightly diverging, but, at appropriately high initial pulse intensities, the divergence was overcompensated by self-focusing. The resulting radiation pattern was monitored from the side. The bright narrow trails of defect photoluminescence (PL) were clearly discernable along the beam propagation (Fig. 8) . The position and number of filaments was strongly dependent on the energy of excitation pulse. The transverse dimensions of the filamentary tracks was just several μm in diameter. Starting from a single filament at 20 μJ input energy, the pulse breaks-up into several filaments at increasing pulse energies due to the transverse instability. Further increase of energy led to formation of bunch of multiple filaments. Fig. 8 presents the side views of the MF at different energies of the excitation along propagation of the beam.
Close inspection of the separate filaments reveal a break-up into pairs of the filaments. It should be noted, that length of the experimentally observed separate filaments inside the bundle of filaments was approximately Beam diameter at the entrance was w0 = 100 μm, radius of curvature of a slightly diverging beam was R = 2 cm.
1 mm, i.e., is considerable shorter as compared to the length obtained by numerical modeling as shown in Fig. 7 . This difference could be explained by noting that side-view pictures shown in Fig. 8 were obtained for the laser operation at the kilohertz repetition rate, whereas numerics were produced at the single pulse conditions. Therefore, material modifications induced by previous pulses due to repetitive action of femtosecond irradiation are important and has to be taken into account for proper modeling of the filamentation. Further, we show how multiple filaments induced by the beam ellipticity are affected by the growing and accumulating inhomogeneity of the residual refractive index during repetitive laser irradiation.
To perform numerical simulations based on a more realistic model which takes into account refractive index changes we make use of the fact that material compaction (densification) occurs on a vastly different time scale (μm) in comparison to the time of the electron plasma formation due to the MPA. Hence, we assume that the refractive index of the material remains fixed over the process of femtosecond filamentation, simulate the field propagation, and then before the next step of simulation update the material properties (the refractive index). Such procedure was then repeated for several hundreds of the successive pulses. In this context the model is generalized to allow the light filaments to change in response to the modification of the refractive index after repetitive propagation. Specifically, the iterative procedure is described by the equations for the field complex amplitude E q :
Here,
is a nonlinear term due to the Kerr effect and MPA. Then,
is the total permanent refractive index change produced by the q successive pulses. Δn s denotes the saturated refractive index change and was taken 5 × 10 −3 , in accordance with the characteristic experimental observations of the refractive index changes in silica. 34, 49 Variable η q (x, y, z) reflects the distribution of plasma free electrons and is proportional to the amount of NLL, while the coefficient κ is normalizing factor, and was chosen to fulfill the condition κηq(x, y, z) << 1.
Equation (4) accounts respectively for the diffraction in the transverse plane, residual (permanent) refractive index change Δn(x, y, z) and nonlinear sources N (E). This model allows for a feedback between the changing material properties that are due to the field, and vice versa, the change of the field profile due to material modifications. Due to the simplicity, such model of the femtosecond filamentation provides opportunity to reduce huge amount of computational time which is required for repetitive pulse propagation.
The distribution of the refractive index changes was assumed as to follow the density of the plasma electrons, created after the action of the femtosecond pulse in our model. Electron plasma density ρ is generally governed by the following equation:
where ρ 0 is initial density of SiO 2 molecules in the host matrix, W (x, y, t) is the intensity-dependent rate of MPA, and inequality ρ/ρ 0 << 1 was assumed.
The filamentation patterns along "z" axis were calculated by the described model the step-like modeling when propagating of the pulse in the first step and updating the material state for the second. The results are shown for two perpendicular planes in Fig. 9 . Filamentation is clearly affected by growing inhomogeneity of the refractive index change during repetitive laser operation: bundle of filaments broadens and tracks of separate filaments become shorter. This is in accordance with experimental results shown in Fig. 8 .
The presented results corresponds to the case of loose focusing and propagation of the femtosecond pulses in transparent glasses where residual modifications appear in the form of the refractive index changes. Density distribution of the electrons can be evaluated in this case, which is important both for the modeling of the laser writing process and material response resulting from the irradiation of femtosecond pulses. It should be possible to relate the electron density and refractive index changes with filamentation. Hence, precise measurement of the plasma density as well as refractive index profile, which is changing shot-by-shot, could allow to develop a reliable tool for the filamentation modeling. pulse energy E (pJ) 10 S Figure 10 . Energy dependence of the ultrasonic compressive pressure P (E) with the threshold E ult . Inset: the same dependence in log-log coordinates and its linear fitting curve with the power slope SP ≈ 1.
ACOUSTIC SIGNATURE OF PLASMA GENERATED BY FEMTOSECOND LASER PULSES
In our studies, contact acoustic monitoring technique was employed to perform spatially-resolved in situ detection of micro-plasma formation and filamentation of focused femtosecond laser pulses with sub-and super-critical powers depending on focusing in bulk dielectrics. 50 The recorded acoustic signals reveal free-carrier generation mechanisms associated with the formation of plasma and filamentation of the propagating laser pulses. Optical opacity of the plasma region, which sets in at irradiance of a few kilojoules per cubic centimeter (close to the dielectric breakdown threshold) using pulse focusing optics with numerical aperture NA = 0.75, reveals its critical character, and allows the estimation of acoustic pressure in the gigapascal range. Even higher energy densities, and correspondingly, pressure levels, can be achieved simultaneously avoiding the self-focusing, using a larger NA optics.
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Acoustic transient pulses detected by the acoustic transducer were pre-dominantly compressive, when corrected to a experimentally measured preamplifier characteristic. 50 The pressure dependence on the pulse energy had a slope of 0.59 ± 0.12 characteristic of pressure (P pl ) dependence on laser intensity I for critical e-i plasmas (P pl,cr ∼ N e k B T e ∝ I 2/3 for the plasma density N e = N cr and particle thermal energy k B T e ∝ I 2/3 )
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( Fig. 3(a) ).
The power dependence of generated pressures was found sub-critical as shown in Fig. 10 with P pl,subcr ∝ I 1.04±0.02 close to the expected P pl,subcr ∝ I 3/4 dependence. 52 This type of pressure scaling was observed in the case of loose focusing by a lens (Fig. 3(b) ). The critical plasma in an electronically-excited solid at the employed wavelength of irradiation is N cr (800 nm)≈ 2×10 21 cm −3 . The corresponding energy density for the critical plasma in VIOSIL glass, exceeding N cr (800 nm)Δ bg ≈ 3 kJ/cm 3 for its dielectric bandgap Δ bg ≈ 9 eV, is sufficient for its high-contrast ablative damage, which has been also observed as micro-cracks inside the glass by optical microscopy of the irradiated spots (not shown). Importantly, such energy densities correspond to GPa-level source stresses much lower than Young modulus of the VIOSIL glass and, thus, producing in the acoustic near-field region (close to the source/plasma) intense sonic waves, rather than shocks.
Spatially resolved optical and ultrasonic imaging have revealed self-focusing and filamentation of femtosecond laser pulses with variable supercritical powers loosely focused in thick fused silica, by observing forward WLC emission and threshold-like appearance of millimeter-long narrowing (awl-shaped) luminous channels of electronhole plasma and point defects extending, together with the nonlinear focus, upstream the laser beams at the increasing laser pulse energy. The ultrasonic imaging demonstrates linear energy dependence of the major compressive pulses with the same threshold energy and their significant temporal broadening, indicating, together with the square root energy dependence of the channel length, formation of sub-critical electron-hole plasma channels and subsequent point defect generation and permanent optical damage within the channels. The peak intensity of the propagating laser pulses seems to be not clamped, but vary linearly versus incident laser energy providing, however, quite homogeneous plasma density profiles in the channels. The predominant ionization mechanism in the warm sub-critical plasmas may be associated with moderate avalanche ionization, while the main absorption mechanism is absorption of free carriers via inverse bremsstrahlung interaction with the polar lattice just preceding their self-trapping. Also, these results may indicate that filaments produced in solid dielectrics by highly supercritical laser pulses can be downscaled in terms of their length as a function of laser pulse power (energy).
CONCLUSIONS
The on-axis-absorption model which describes qualitatively well filamentation of femtosecond laser pulses in glasses is presented for multi-filament formation. It takes into account refractive index changes induced by previous pulses. Numerical results showed formation of shorter bundles of filaments as was observed in experiments which recorded defect related photoluminescence along filaments in glasses.
Detection and interpretation of filaments' acoustic signatures enable real-time in situ monitoring of optical ionization, pulse filamentation, in bulk dielectrics under the irradiation by femtosecond laser pulses. The character of plasma, critical vs. sub-critical, can be judged form the slope of the irradiance dependence of the acoustical pressure signal. It was found that at tight focusing with objective lens of numerical aperture 0.75 a critical density breakdown plasma is created 50 while filaments formed at NA = 0.035 focusing were of a sub-critical density. The corresponding pressures scaled as P ∼ I 0.59 and P ∼ I. 
